Introduction
The purpose of this paper is to describe the mineral liquid relationships in some common natural Icelandic hyaloclastites. The rocks used here are described by Mäkipää (1978) .
The rocks are basalts quenched in water (mainly glacial melt water) upon eruption. Phenocrysts (olivine, plagioclase and clinopyroxene) are therefore unaffected by reactions occurring upon cooling and crystallization of subaerial lavas. All samples are quartz-or olivine normative tholeiites not far from the normative quartz saturation plane.
The quickly cooled glasses offer the possibility to study the state of equilibrium between crystals and melt. The pressure and temperature conditions of the magma during the crystallization of phenocryst phases prior to eruption can be inferred from existing geothermometers and geobarometers.
The geothermometers and geobarometers used are derived from experimental works where the distribution of elements between the coexisting phases have been derived as a function of temperature, total pressure and the fugacities of important volatile components such as water and oxygen. The experiments of Roeder and Emslie (1970) , Kudo and Weill (1970) and Drake (1972) are of particular relevance to the present study.
Some of the samples have also been used for experiments and the results are used for comparison with other experimental results.
The question of equilibrium is also relevant and before the temperature and pressure conditions can be derived the existence of equilibrium needs to be established. In the following account no attempt is made to establish various properties of the hyaloclastites at the time of eruption. The results sofar indicate that useful approximations can be obtained.
Melting experiments
Melting experiments were performed in order to evaluate the possible compositional effect on the distribution coefficients. Some of the experimental results are given in Table 1 .
The experiments were carried out in a Pt wound vertical tube quench furnace. The run temperatures were measured using Pt/Pt 10 °/o Rh thermocouple before and after each run. The temperature fluctuation during each run was within 1°C. The total pressure in the runs was the atmospheric pressure and the furnace atmosphere was a mixture of carbon dioxide and hydrogen (close to the QMF-buffer) which was passed upwards through the furnace at a constant rate. In some runs the oxygen fugacity was controlled following the QMF-buffer and in some runs the oxygen fugacity was kept constant (constant gas mixture and flow rate).
The glasses which were melted at 1315°C were suspended directly into the furnace at the desired temperature. After approximately 24 hours the platinum wire was melted with an electric current so that the sample fell down into the water where it quenched within seconds. The run duration of 24 hours appears to be sufficient for the attaintment of equilibrium (e.g. Kennedy 1948 , Yoder and Tilley 1962 , Seward 1971 , Sun et al. 1974 , Duke 1976 ). However, Drake and Weill (1975) and Watson (1977) used much longer time to equilibrate their samples. Experiments conducted at the same temperature using longer run times gave identical results and in the present study some 3 and 5 day runs were made without a noticeable change. Equilibrium is also indicated by the homogenity of the produced phases in the present study. Bowen and Schairer (1935) demonstrated that there is a complete solid solution between forsterite and fayalite in the system MgO-FeO-Si0 2 .
Olivine -liquid combination

General
This system provides a simple model to determine the composition of the equilibrium olivine crystals. Compositions (listed in Table  2 ) were read directly from the phase diagram Mg 2 Si0 4 -Fe 2 Si0 4 .
Equilibrium distribution coefficient
According to Roeder and Emslie (1970) .
MgCl)
The ratio of the mole fractions were defined in Roeder and Emslie (1970) as the distribution coefficient. This coefficient was previously studied thermodynamically by Bowen and Schairer (1935) . Bradley (1962) revised the equations presented by Bowen and Schairer using different specific heat terms and found that the agreement with Bowen and Schairer's work still was very good.
Several authors (e.g. Roeder and Emslie 1970, Duke 1976) found that this distribution coefficient
is equal to 0.30 at equilibrium conditions. Other variables such as pressure, oxygen fugacity and temperature have no significant effect. This value is discussed in detail by Roeder and Emslie (1970) .
However, the lunar basalt experiments (Longhi et al. 1975 , Walker et al. 1976 show a somewhat higher average on K D (0.33). (Fig. 4) . 3. Analyzed olivine composition (Mäkipää 1978 To get better illustration of this equilibria the elemental distribution (Fe/Mg in olivine versus Fe/Mg in liquid) is plotted in Fig. 1 . The area between the lines presents equilibria in this study and most of the samples fall between those limits.
Olivine geothermometers Roeder and Emslie (1970) graphically presented the dependence of olivine composition on the composition of the liquid by plotting the mole per cent FeO in liquid against the mole per cent MgO in liquid (Fig.  2 ). Roeder and Emslie discussed in detail the usefulness and limitations of this diagram. Because the composition of the basalts used here are equal to their experimental materials and there is more than enough Si0 2 in liquid to combine with MgO and FeO to form olivine, this diagram offers the possibility to estimate the composition of the equilibrium olivine as well as the equilib- Table 2 .
The equilibrium olivine composition shows no significant dependence upon temperature but there is a good correlation between the elemental distribution and temperature. Roeder and Emslie (1970) produced the following equations for calculating the equilibrium temperature using MgO and FeO distributions: The equilibrium temperatures calculated using these equations are given in Table 3 . The temperature calculated from the MgO distribution should be the most accurate. The FeO temperature is dependent on the FeO content of the magma which can not be measured directly and for MnO temperature estimates more accurate determinations are needed. 
Plagioclase-liquid combination
General
In his classic investigation of melting in the plagioclase system Bowen (1913) demonstrated that albite (NaAlSi 3 0 8 ) and anorthite (CaALSLOg) form a continuous solid solution series at high temperatures. The experimental relationship found between the compositions of liquid and coexisting solid solution and temperature was satisfactorily accounted for by Bowen by assuming that both the liquid and solid solutions were ideal, i.e., that the activities of the Ab and An components were equal to their mole fraction. Some attempts have been made (e.g. Larsen and Irving 1938, Carmichael 1960 ) to compare Bowen's results in the system directly to magmatic systems. The activities of An and Ab are replaced with their normative concentrations calculated from the liquid compositions. These attempts have not been very successful; the reasons for which are discussed by Botting et al. (1966) . Bowen's (1915) work on the 'haplobasaltichaplodioritic' system provides a simple model to determine the composition of equilibrium plagioclase crystals. Lack of knowledge of variables such as total pressure and fucacities of important volatile components such as water and oxygen has limited the use of these results. However, several authors (e.g. Kudo and Weill 1970) pointed out the suitability of this haplobasaltic system to estimate approximate equilibria. Therefore the compositions in the present study were also read directly from the phase diagrams AnAb-Di and An-Ab. The purpose of this is The measured values (Table 4 ) compared with the analyzed ones clearly show that all the microphenocrysts are in approximate equilibrium. Almost all the macrophenocrysts appear to be far from the equilibria.
only to get some idea how far from or close to the equilibria the analyzed plagioclase crystals are.
Formulation of a plagioclase geothermometer
The first successful attempt at formulating a plagioclase geothermometer is that of Kudo and Weill (1970) , who considered the exchange reaction: Because the values of the activity coefficients were unknown, Kudo and Weill (1970) assumed that the activity coefficients take a form similar to that found for regular solutions:
In y = C0IT, where C is a constant empirically evaluated at 1.29X 10 4 T _1 and 0 is the atomic fraction of the elements in the melt. Kudo and Weill (1970) derived the following set of linear regression curves for different conditions of crystallization:
In 2/(5 + 1.29X1O 4 0/T = 10.34X10-^-17.24 (dry) The required input data are 2 = X Xa X Si / x ca x .\i and 0=X Ca +X A1 -X si -X Na , where X = atomic fraction of the element in the melt and (5 = X Ab y Ab /X WAn , where X Ab /X A " is the plagioclase composition and 7 Ab // All the corresponding activity coefficients.
Equilibrium distribution coefficient
The elemental partition coefficient. Drake (1975) 
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librium constants (K) for the reactions discussed later. The different partition coefficients are plotted in Fig. 5 against the calculated olivine temperature. The difference between the micro-and macrophenocrysts is very apparent. All the regression lines in Drake's experiments are very different from those found here. Drake (1975) in his discussion made the following remarks: D Ca is greater than unity and is strongly dependent upon temperature, D Na is less than unity above 1200 °C and is strongly dependent upon temperature, D A1 is always greater than unity and is relatively insensitive to temperature and D gi is always less than unity and is invariant with temperature.
The present experimental data shows very strong positive correlation between D Na and temperature. The difference between Drake's (1975) experiments and the present data is caused of different bulk compositions, which in Drake's experiments were unlike those used in the present study. The regression lines derived from the present experimental data correlate well with the hyaloclastites studied.
The equilibrium constants.
The distribution of major elements in plagioclase have been calculated in terms of six reactions (defined as K-values in Drake 1976): The equilibrium constant for reaction (K 8 ) involving the equilibrium of albite with the melt component NaA10 2 correlates strongly with reciprocal temperature. However the K-values (Table 5) show similar difference compared with Drake's experiments as the partition coefficients do (Figs. 6 and 7) . However the equilibrium plagioclases distinguish the disequilibrium ones.
Clinopyroxene-liquid combination
Several authors (e.g. Mysen and Boettcher 1975) pointed out that geochemical parameters such as Fe/Mg in pyroxene are not suitable as indicators of temperature and pressure because the value increases isothermally with decreasing pressure and is dependent on the liquid composition. Because the compositions of basalts studied can be taken to be constant the distribution of iron and magnesium between olivine and clinopyroxene (Duke 1976 ) might provide a sensitive test for clinopyroxene equilibrium (Fig. 8) . (Fig. 9 ) also is independent of temperature but varies as a function of composition. The plotting on the olivine temperature-log (Fe/Mg) in clinopyroxene diagram (Fig. 10) shows linear cor- Fe/Mg in Liquid iron and magnesium between olivine and calcic pyroxene. Their model requires that the pressure is known which sets a limit to its use in this study. Wood (1976) concluded that the Powell and Powell geothermometer is not applicable in its present form, because it is independent of olivine and clinopyroxene compositions but depends in fact only on the aluminium content in clinopyroxene. All other clinopyroxene geothermometers are inapplicable in the present study because they require garnet or a spinel phase to be present and olivine and plagioclase absent.
Discussion
Mineral equilibrium
In the original hyaloclastites the glass phase as well as the phenocrysts were found to be homogenous both in major and trace elements (Mäkipää 1978) . Using various equilibrium tests all microphenocrysts are in equilibrium, but some macrophenocrysts are clearly out of equilibrium.
The most successful test for olivine equilibrium is the distribution of Mg and Fe between crystal and liquid. The role of ferric iron in liquid must be evaluated before attempting the distribution coefficient K D to natural rocks. The average K D (0.299) agrees well with the Roeder and Emslie value of K d = 0.30. Drake (1972 Drake ( , 1975 suggested the use of major element distribution between plagioclase and liquid versus temperature for an equilibrium test. Using the present experimental results for Icelandic tholeiites the sodium distribution is the most successful test for equilibrium.
The clinopyroxene equilibrium test also is complicated because it depends on major element composition, pressure and temperature. However, the most successful test for clinopyroxene equilibrium is the distribution of Fe and Mg between equilibrium olivines and clinopyroxene.
Geothermometers
The crystallization temperature or the temperature of the magma on eruption can be calculated from the mineral-liquid analyses of the hyaloclastites. The calculated temperatures here using the various methods range from 1130 to 1238°C which are within the crystallization range of basalt measured in experiments of several authors.
The most successful of these geothermometers is the olivine-liquid combination (Roeder and Emslie 1970) . Roeder (1974) modified his earlier results and the temperature can be calculated from MgO, FeO and MnO distributions.
The MgO distribution is, however, most useful, because the temperature derived from the FeO distribution is dependent on the oxidation state of the magma which is uncertain and to derive temperature from the MnO distribution special determinations are needed.
The plagioclase temperature estimates are more complicated because the elemental distribution is affected by water pressure. Kudo and Weill (1970) formulated a geothermometer which Mathez (1973) modified. The use of the Mathez modification gives results which are in close agreement with experimental data and calculated olivine temperatures. It is noticeable that using Mathez modification the calculated temperatures have a maximum at PH 2 O = 0.5 kb and then decrease again. Fig. 12 shows schematically the rising water pressure influence on the calculated temperatures.
The odd part about this diagram is the maximum temperature. This might be due to the incorrect assumption by Mathez (1973 that neither the temperature nor water pressure significantly affect 7 Ab // An or else that the effects of these variables oppose each other.
The role of the first crystallization phase
The geothermometers available give equilibrium temperatures which can be substantially lower than the liquidus temperatures. However, in view of the very slight crystallization (usually about 5 %>) of the samples the calculated temperatures must be very near the liquidus temperatures. Accepting this there is a complication in these calculations because they depend on the first crystallization phase.
The amount of the crystals present needs not indicate the first phase and the best indicator is the relation of the various crystal phases to each other. Careful observations of the intercrystal relationships showed that either plagioclase or olivine could be the first phase to crystallize. In some cases one phase was closely followed by the other or they may have coprecipitated.
If olivine is the first phase to crystallize from a liquid then the calculated olivine temperatures are liquidus temperatures. This, however, leads to Ca, Na and AI increase in the liquid and the plagioclase temperatures derived are too high. If plagioclase crystallizes first then both Mg and Fe in the liquid will increase. This increase depends on the liquid composition and how much plagioclase crystallizes i.e. how far the composition is from the contecticum. Therefore the early crystallization of plagioclase will increase the apparent temperature of the crystallization and it will not affect the composition of the crystallizing phases.
However this increase is not very marked in the present study, because of the slight crystallization. With solidification of 20 °/o the temperature difference using the FeO 1 -MgO 1 temperatures (Fig. 2) is about 60°C and 
increases regularly with increasing solidification (Fig. 13) . In some samples used it is estimated that less than 5 °/o of plagioclase crystallized before olivine started to crystallize. This means that the maximum temperature difference for these samples would be about 10-20°C.
The Ol-Di-Pl diagram (Fig. 14) shows the possible first crystallization phase in the individual samples. Shibata (1976) divided the Ol-Di-Pl diagram to two major areas, olivine and plagioclase fields. Shibata's division line goes very near that dashed line which makes the difference between plagioclase and plagioclase + olivine fields in the present study. The division between olivine and plagioclase + olivine fields is shown.
Model of the fractional crystallization
As mentioned earlier the calculated temperatures must be very near the liquidus temperatures of these magmas. Therefore it is of particular interest to compare these 'liquidus' temperatures with the simple fractional crystallization curve measured in Hawaiian basalts (Yoder and Tilley 1962) . On the A'F'M diagram (Fig. 15 ) the present data 
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KILAUEA weight % shows a trend which is identical with the line formed by the simple fractional crystallization in Hawaiian basalts. On the basis of this diagram the calculated temperatures are in excellent agreement with the experimental data of Yoder and Tilley (1962) . The temperature -FeO t /(FeO t +MgO) relation has been shown to be linear for Hawaiian basalts (Tilley et al. 1964) . As seen in Fig. 16 all the calculated temperatures are higher than those measured experimentally by Tilley et al. (1964) . This difference (average 18°C) is most likely due to different composition and oxidation state in Icelandic basalts as well as the difference in experimental procedures. Therefore it is interesting to note that those Icelandic basalts (Eldgjå lava) used in Tilley's experiments fall exactly on the line presented here for Icelandic hyaloclastites.
If we compare the present experimentally determined liquidus temperatures (symbolein Fig. 16 ) and calculated hyaloclastite temperatures the agreement is excellent.
Geobarometers
The derived plagioclase temperatures are found to vary with water pressures. This offers a possibility to estimate the prevailing water pressure during the crystallization.
Before such estimates can be derived some adjustments must be done. From the Fig. 5 and Table 4 it emerges that samples TH-3, TH-4, RE-11, KE-24 and TJ-104 are slightly out of equilibrium. If the water pressure is derived then it must be done on the basis of equilibrium crystals. To reach the equilibrium the composition of these plagioclases must be changed. This means that the calculated temperature in the sample TH-3 rises about 30-40°C The corresponding value for KE-24 is about 20-30°C. Contrary to the above the temperatures are lower by 10- 20°C, 40-50°C and 20-30°C in RE-11, TH-4 and TJ 104, respectively.
In Fig. 17 the calculated temperatures are compared on the basis of different water pressures using temperatures derived from equilibrium olivines and plagioclases. In an earlier paper (Mäkipää 1978) it was concluded on the basis of CMAS-and Ab-An-Di-Fo systems that individual samples represent different water pressures (about 0, 1 and 2 kb). The agreement with the present data is good.
The temperatures calculated for the present 1 atm pressure experiments agree well with the Mathez (1973) 0 kb temperature.
The experimental results show that the f0 2 affects the coexisting phases. In natural basalts the f0 2 follows the QMF-buffer. This gives a value of log f0 2 at 1200°C of about -8.3. It is well known that the f0 2 affects the olivine composition (Roeder and Emslie, 1970) . This can easily be seen also in the present experiments where the olivine composition change is only 2 °/o forsterite although the temperature difference should indicate much greater variation in forsterite content (see Table 1 ).
Although the f0 2 in some experimental runs (KRA-731) were as low as log f0 2 = -11 this has not seriously affected the calculated plagioclase temperatures. This indicates that water pressure has much greater influence on the calculated equilibrium temperatures than oxygen fugacity. Further experiments will be carried out using direct measurements in furnace to evaluate the effect of the oxygen fugacity. The solubility of water in magmas is known to be dependent on volatile contents of magma and pressure conditions. In a view of the small number of estimates of the water content of the original magma using glass inclusion chemistry (Anderson 1973 ), it appears that those basalts which have the lowest estimated water pressure also have the lowest original water content.
Accepting the assumption that the calculated temperatures are close to the liquidus temperatures, the use of experimental results by Yoder and Tilley (1962, Fig. 34 ) in natural olivine tholeiite-water systems, shows that during the crystallization of these hyaloclastites the total pressure was greater than the water pressure.
In conclusion it can be said that a combination of actual melting experiments and the use of published mineral-liquid equilibrium studies can at the present be usefully employed to estimate various properties of the system. However, there is still some serious discrepancies and the results must be interpreted with great care. However, valid indications about equilibrium, temperature and possibly water pressure can be derived.
